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signaling molecule, such as SOCS3. Extensive mutagen-
esis studies involving SOCS3 have been done, but until
recently, no structural information was available for any
member of the SOCS family.
Norton and colleagues have for the first time deter-
mined the solution tertiary structure of SOCS3 in com-
plex with a pTyr-containing peptide from gp130 (Babon
et al., 2006). They showed that seven amino acid resi-
dues of gp130 form a hydrophobic SOCS3 binding motif
(Figure 1B), while the SH2 domain that binds it is com-
prised of SOCS3 residues Gly45–Asn185. This SH2
domain consists of a central b sheet flanked by an a helix
on each face, followed by an unstructured PEST insert of
35 residues and then by the hydrophobic BG loop, which
directly contacts the gp130 pTyr peptide. The PEST
insert is not critical structurally but regulates protein
stability, most likely via a proteasome-independent
mechanism. The importance of the ESS for SOCS30s
binding to gp130 was previously reported, but the struc-
tural basis of this requirement was not known. Norton
and colleagues show that the ESS and the C-terminal
half of the KIR are packaged into a single 15 residue
a helix immediately N-terminal to the SH2 domain. The
hydrophobic side of this amphipathic a helix stacks
onto the SH2 domain’s central b sheet, on the far side
of the pTyr binding site. It also makes direct contacts
with the pTyr binding loop and contributes to the loop’s
geometry. This structure suggests that the SH2-ligand
interaction may affect the KIR domain’s interaction with
JAK or vice versa, revealing a basis for understanding
how interactions between the SH2 domain and its flank-
ing regions can coordinate binding of target molecules.
The sequence of the pTyr binding loop of the SOCS3
SH2 domain is conserved in almost all species. This
may suggest that the pTyr-containing ligands for the
SOCS3 SH2 domain might have a conserved structure.
It is reported that SOCS3 binds not only gp130 (Y759)
but also Leptin receptor (Y985) and EpoR (Y401). In fact,
the amino acid residues by which these cytokine recep-
tors bind to SOCS3 are conserved (the 22 and +3 posi-
tions relative to the tyrosineare hydrophobic amino acids
in three receptors, while the +4 position is hydrophobic in
the leptin receptor and in gp130 [Figure 1B]), supporting
the idea that the cytokine receptor family ligands of
SOCS3 have a conserved structure. The sequence of
SOCS proteins (SOCS1–SOCS7) is also conserved from
the C-terminal half of the KIR and ESS domain through
the SH2 domain, including the pTyr binding loop. There-
fore, it is possible that the binding geometry between
SOCS family members and their ligands is conserved.
The work of Norton and colleagues thus establishes
a structural basis for the artificial design of SOCS inhibi-
tors and other regulators of cytokine signaling. Indeed,
by using peptide fragments of SOCS SH2 domains or
their phosphotyrosine ligands, we may gain control of
a variety of SOCS-regulated signaling pathways relevant
to development, immunity, and cancer progression.
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544Sister Chromatid Cohesion at the
Centromere: Confrontation between
Kinases and Phosphatases?
Accurate chromosome segregation in mitosis and
meiosis requires that the cohesin complex be pro-
tected at the centromere by the Shugoshin/MEI-S332protein family. Recent studies show that Sgo directly
binds the phosphatase PP2A, tethering it to the cen-
tromere where it can protect cohesin subunits from
phosphorylation, and that localization of Sgo/MEI-
S332 itself is regulated by phosphorylation.
Physical attachment, or cohesion, between centro-
meres of sister chromatids is essential for the two sister
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545kinetochores to attach stably to microtubules from
opposite spindle poles and thus accurately segregate.
Sister chromatid cohesion is mediated by the cohesin
complex, and separation requires inactivation of cohe-
sin. Three recent papers detail a crucial role for localiza-
tion of the PP2A phosphatase at the centromere, where
it ensures centromere cohesion, apparently by protect-
ing cohesin subunits from phosphorylation (Kitajima
et al., 2006; Riedel et al., 2006; Tang et al., 2006
[in this issue of Developmental Cell]).
It has long been appreciated that sister chromatid co-
hesion has distinctive properties at centromeres, from
the cytological appearance of a constriction at meta-
zoan mitotic centromeres, to recognition that cohesion
is released in two steps in meiosis (Miyazaki and Orr-
Weaver, 1994). These observations are now understood
at the molecular level in terms of the cohesin complex.
In metazoan mitosis, the majority of cohesin is released
from the arms of sister chromatids in prophase and
prometaphase via a mechanism dependent on phos-
phorylation of the SA2 cohesin subunit (Hauf et al.,
2005). By contrast, release of centromere cohesion is
mediated by proteolytic cleavage of the Rad21/Scc1/
Mcd1 cohesin subunit by the separase protease
(Losada and Hirano, 2005). In fission and budding
yeasts, the separase pathway at the metaphase/ana-
phase transition releases cohesin along the lengths of
chromosomes, and the prophase pathway does not ap-
pear to act. In meiosis Rad21 is replaced by the meiosis-
specific subunit, Rec8, that although still cleaved by
separase, is protected at the centromeres until meta-
phase II/anaphase II (Losada and Hirano, 2005).
Cohesin at centromeres must be protected from the
phosphorylation pathway in metazoan mitosis and
from separase cleavage at the metaphase I/anaphase I
transition in yeast and presumably metazoan meiosis
(Figure 1). This is accomplished by a family of
Shugoshin (Sgo) centromere protector proteins, initially
characterized by the Drosophila MEI-S332 protein (Ker-
rebrock et al., 1995) and subsequently found in yeast
and vertebrates (Watanabe, 2005). Shugoshins localize
to the inner centromere domain during prophase and
transition off centromeres when sister chromatid cohe-
sion is released in anaphase of mitosis. Depending on
the organism, Shugoshin leaves the centromere in ana-
phase I, or remains until the metaphase II/anaphase II
transition. Drosophila MEI-S332 and S. cerevisiae
Sgo1 are essential to maintain sister chromatid cohe-
sion at centromeres from anaphase I until anaphase II,
and they contribute to centromere cohesion in mitosis.
S. pombe Sgo1 is present only in meiosis. Studies in
Xenopus and human cells established an essential role
for vertebrate Sgo1 in centromere cohesion and mitotic
segregation. An insight into the potential molecular
mechanism by which Sgo proteins could protect cen-
tromere cohesion came from the observation that ex-
pression of a phosphorylation-resistant form of SA2
suppressed precocious loss of centromere cohesion re-
sulting from depletion of Sgo1 in human cells (McGuin-
ness et al., 2005). This implies that Sgo1 acts to prevent
SA2 from being phosphorylated.
In the most recent studies, the phosphatase PP2A was
found associated with Sgo proteins at centromeres. All
three groups identified proteins bound to Sgo by coim-munoprecipitation or tandem affinity purification and
recovered a specific isoform of the PP2A phosphatase,
with the B0 or B56 regulatory subunit (Kitajima et al.,
2006; Riedel et al., 2006; Tang et al., 2006). An associa-
tion between Sgo1 and the B0 subunit was confirmed
by two-hybrid interaction, and reciprocal immunopre-
cipitations with B0 recovered Sgo1. The N terminus of
Sgo1 mediates the interaction with PP2A-B0, and Tang
et al. (2006) found that an amino acid substitution com-
parable to that in the Drosophila mei-S3329 allele
blocked the human Sgo1 interaction with PP2A. Immu-
nofluorescence revealed that the PP2A-B0 subunit local-
izes to yeast meiotic and human mitotic centromeres
(Kitajima et al., 2006; Riedel et al., 2006; Tang et al.,
2006). Centromere localization of PP2A in yeast meiosis
requires Sgo1, whereas both Tang et al. and Kitajima
et al. found that PP2A dictates localization of human
Sgo1. Kitajima et al. showed that a human Sgo2 gene
also is required for mitotic centromere cohesion, and
PP2A localization to the centromere is dependent on
Sgo2 rather than Sgo1. None of the groups observed co-
hesin to complex with Sgo1 or Sgo2 in these purifica-
tions, consistent with evidence from several organisms
that Sgo/MEI-S332 do not directly interact with cohesin.
Three lines of evidence support a model in which lo-
calization of PP2A via Sgo protects centromere cohe-
sion by preventing phosphorylation of SA2 in vertebrate
mitosis and Rec8 in yeast meiosis (Figure 1). First, PP2A
is needed for centromere cohesion. Kitajima et al. and
Riedel et al. showed that when PP2A-B0 is mutated sis-
ter chromatids become prematurely separated by ana-
phase I, Rec8 fails to be maintained at the centromere,
and chromatid segregation is random in meiosis II.
All three groups used RNAi to show a requirement
for PP2A for centromere cohesion in human mitosis.
Second, PP2A affects the phosphorylation of SA2
and Rec8. Immunoprecipitates of human Sgo1 will de-
phosphorylate SA2 that has been phosphorylated by
Plk1 in vitro (Kitajima et al., 2006). When the S. pombe
B0 subunit is ectopically localized to chromosome
arms in meiosis, phosphorylated Rec8 levels decrease
(Riedel et al., 2006). Third, ectopic localization of the
B0 subunit correlates with retention of Rec8 and sister
chromatid cohesion, even in the absence of colocalized
Sgo1. This was shown by coating B0 along chromosome
arms in meiosis I (Riedel et al., 2006), inserting it at a spe-
cific ectopic site in meiosis I (Kitajima et al., 2006), and
by the finding that when both Rec8 and the B0 subunit
are aberrantly expressed in mitosis and localized to
the centromeres, retention of Rec8 and nondisjunction
result (Kitajima et al., 2006).
Although one mechanism by which Sgo can protect
cohesin at the centromere is by localizing PP2A, it is
clear that Sgo has a protective activity independent of
PP2A. Human Sgo1 relies on PP2A for its centromere lo-
calization. Despite localizing to the centromere in Sgo1
RNAi-ablated cells, PP2A is not sufficient to confer cen-
tromere cohesion (Kitajima et al., 2006; Tang et al.,
2006). Tang et al. made the striking observation that de-
pletion of Plk1 restored centromere localization of Sgo1
and proper cohesion even if PP2A was depleted. This is
consistent with findings in Drosophila that in mitosis
and meiosis POLO kinase phosphorylation is needed
to delocalize MEI-S332 from centromeres at anaphase
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546Figure 1. Protection of Centromere Cohesin in Mitosis and Meiosis
(A) In metazoan mitosis the bulk of cohesin along the chromosome arms is released during prophase and prometaphase via a pathway depen-
dent on phosphorylation of the SA2 subunit, most likely by Plk/Polo kinase (Hauf et al., 2005). Cohesin at the centromere, however, is retained
and released at the metaphase/anaphase transition by cleavage of the Rad21/Scc1/Mcd1 subunit by separase.
(B) In meiosis sister chromatid cohesion is released in two steps. The regulation of the cohesin complex in meiosis has been defined in the yeasts.
Cleavage of the Rec8 subunit, the meiosis-specific paralog of Rad21/Scc1/Mcd1, removes cohesin on the arms at the metaphase I/anaphase I
transition to permit chiasma resolution and homolog segregation. Cohesin at the centromere is retained, and Rec8 at the centromere is not
cleaved until the metaphase II/anaphase II transition to permit segregation of sister chromatids. In (A) and (B), the cohesin complex is shown
by black bars, the centromeres are light blue or pink, the kinetochores are red, and the microtubules are gray.
(C) The role of the two human Sgo proteins in localizing PP2A to protect SA2 from phosphorylation at the centromere of human mitotic chromo-
somes.
(D) The role of Sgo in the yeasts in localizing PP2A to protect Rec8 at the centromere from phosphorylation and cleavage as cohesin on the arms
is released at the metaphase I/anaphase I transition. The same mechanism may exist for metazoan meiosis, given that inhibition of PP2A by oka-
daic acid affects meiotic chromosome segregation in mouse oocytes (see Kitajima et al., 2006; Riedel et al., 2006). It is not known whether the
meiosis-specific subunit that replaces SA2, SA3/STAG3, is subject to phosphorylation and whether the prophase phosphorylation pathway con-
tributes to loss of arm cohesion in meiosis I (Hauf et al., 2005). In budding yeast, there is an additional mechanism of cohesin removal facilitated
by the condensin complex (Yu and Koshland, 2005).(Clarke et al., 2005). Thus, in these metazoans PP2A
may facilitate localization of Sgo1/MEI-S332 by coun-
teracting its phosphorylation by Plk/Polo, and localized
Sgo1 can act independently of PP2A to protect centro-
mere cohesion. The results in S. pombe also point to
parallel functions between Sgo1 and PP2A in protecting
cohesion, because when ectopically expressed in mito-
sis Sgo1 has an ability to protect Rec8 even in the ab-
sence of PP2A (Kitajima et al., 2006).
These recent studies raise many questions concern-
ing the regulation of these kinases and phosphatases
at centromeres. It will be important to determine
whether the activity of PP2A is regulated at centro-
meres, and if so, how it is inactivated to allow its tar-
gets to become phosphorylated. Presently, it is un-
known whether Plk1/Polo, the likely kinase for SA2
and Rec8, is active at centromeres before loss of cohe-sion and if a continual tug of war ensues between cen-
tromeric Plk1/Polo and PP2A. It seems more likely that
Plk1/Polo is kept inactive at centromeres until meta-
phase, given its action in delocalizing MEI-S332 and ap-
parently human Sgo1 (Clarke et al., 2005; Tang et al.,
2006). If so, PP2A may compensate for any Plk1/Polo
that gets prematurely activated at centromeres. PP2A
would act on the delocalized pool of Sgo1/MEI-S332
to permit localization to centromeres. It will be interest-
ing to determine PP2A substrates that are involved
in cohesion, for example whether PP2A dephosphory-
lates the meiotic cognate of SA2 (SA3/STAG3). The rela-
tionship between PP2A and other kinases involved in
Sgo1/MEI-S332 localization also needs to be eluci-
dated. Bub1 is needed for Sgo1 localization, but it is
unlikely this is via a direct effect (Watanabe, 2005). An-
other kinase, Aurora B, is also involved in MEI-S332
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547localization in Drosophila (Resnick et al., personal com-
munication). Determining how kinase and phosphatase
activity function with the proper substrate specificity
and timing, and how closely arranged the kinases and
phosphatase are on the centromere, will be crucial
questions in elucidating the rules of engagement in
the turf war for these kinases and phosphatases over
cohesion at the centromere.
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A Close-up of the ESCRTs
The ESCRT protein complexes assemble on the endo-
some into a protein network that sorts ubiquitinated
transmembrane proteins into lumenal vesicles of the
compartment. New structural information highlights
the complexity of the ESCRT network.
In eukaryotic cells, cell surface protein degradation is
primarily regulated by the multivesicular body (MVB)
pathway. Endocytosed transmembrane proteins marked
by monoubiquitination are delivered to MVB compart-
ments and sorted into lumenal vesicles. These cargo-
containing vesicles are delivered to the lumen of the
lysosome and are ultimately degraded (reviewed by
Katzmann et al., 2002). MVBs are essential for regulating
cell surface protein composition and maintaining lyso-
somal function. As a consequence, numerous cellular
functions, such as nutrient uptake, cell communication,
and immune response are dependent on MVBs. Retrovi-
ruses including HIV coopt the MVB machinery during viral
infection for the formation of viral particles at the plasma
membrane via a membrane budding event similar to
the formation of MVB vesicles (reviewed by Morita and
Sundquist, 2004). Therefore, the MVB sorting machinery
has been targeted for potential development of new
drugs for combating HIV infection.
The core of the MVB machinery is composed of three
protein complexes, ESCRT-I, ESCRT-II, and ESCRT-III.
These multisubunit protein complexes are recruited
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they form a network that interacts with lipids and ubiqui-
tinated cargo to guide protein sorting and MVB vesicle
formation (reviewed by Babst, 2005). A current model
for ESCRT function suggests that ESCRT-I is recruited
to the endosome by interacting with the Vps27-Hse1
complex and functions in the sorting of monoubiquiti-
nated cargo proteins. ESCRT-I interacts with ESCRT-II,
resulting in the formation of ESCRT-III. Once assembled
on the endosomal membrane, the ESCRT-III complex
concentrates the MVB cargo and sorts the cargo into
the forming vesicles. The structure of the ESCRT net-
work and the dynamics of the formation and dissociation
of the network are not known. Two articles in the April 7
issue of Cell (Kostelansky et al., 2006; Teo et al., 2006)
give further insight into the interactions occurring within
the MVB machinery by providing the three-dimensional
structures of the ESCRT-I core and the GLUE domain
of ESCRT-II.
ESCRT-I has an apparent molecular weight of 350
kDa (determined by gel filtration) and is composed of
three subunits, Vps23, Vps28, and Vps37 (Katzmann
et al., 2001). Based on its large molecular weight and
biochemical data, it has been proposed that ESCRT-I
contains numerous copies of the subunits. Surprisingly,
the crystal structure studies now suggest that ESCRT-I
is a trimeric complex with a 1:1:1 stoichiometry. Further-
more, the structural analysis indicates that the ESCRT-I
protein complex is formed by a central rigid core that
connects to three domains via flexible linkers (Figure 1).
Each subunit contributes equally to the core, and each
subunit contains one of the flexible attached domains.
The flexible linker regions seem to allow a large degree
of movement of the three domains relative to the core,
which in part might explain the large apparent molecular
